Objective-Because increased fibroblast growth factor-1 (FGF-1) and FGF receptor (FGFR) expression correlate with the development of accelerated graft arteriosclerosis in transplanted human hearts, this study sought to determine whether local gene transfer of soluble FGFR-1, capable of binding both FGF-1 and FGF-2, could blunt the development of accelerated graft arteriosclerosis in the rat aortic transplant model. Methods and Results-A construct encoding the FGFR-1 ectodomain, capable of neutralizing FGF-2 action, was expressed in rat aortic allografts, using adenoviral gene transfer at the time of transplantation. Neointima formation was inhibited in aortic allografts transduced with soluble FGFR-1, compared with allografts transduced with Null virus.
A ccelerated graft arteriosclerosis (AGA), a process leading to diffuse, concentric neointimal accumulation in arteries and arterioles of transplanted hearts, is the leading cause of graft loss and death in patients who have undergone cardiac transplantation. 1 Transplant vasculopathy resembling AGA also occurs in renal transplantation, in which it accounts, at least in part, for the progressive loss of graft function that is often referred to as chronic rejection. 2 Fibroblast growth factors (FGFs) participate in the vascular remodeling response to injury. 3 Fibroblast growth factor-1 (FGF-1) and FGF-2 lack a signal peptide, but they can be released from injured endothelial cells, 4 potentially through a vesicle exocytosis-associated process. 5 The FGFs are heparin-binding growth factors; hence, proteoglycans in the extracellular matrix may serve as a reservoir for released FGFs. 6 Endothelial and smooth muscle cell (SMC) FGF-2 mRNA abundance increases in rats after intraarterial balloon injury, 7 and activated macrophages, often present in the vessel wall after different forms of injury, can express and present FGF-2 to other cells. 8 Neutralizing FGF-2 antibodies inhibit neointima formation after mechanical injury of arteries, 9, 10 and gene transfer of FGF-1 cDNA encoding a secreted form of FGF-1 into porcine arteries stimulate neointima formation. 11 With regard to transplant arteriopathy, FGF-1 and FGF-2 mRNA and protein abundance increase in human hearts after transplantation, 12 and marked upregulation of full-length FGFR-1 is observed. 13 Furthermore, a strong correlation between high levels of FGF-1 expression and the presence of cardiac allograft vasculopathy has been reported in patients after cardiac transplantation. 14 It has therefore been suggested that FGF-1, and possibly FGF-2, plays an important role in the development of cardiac AGA. Others argue, also on the basis of expression studies, that platelet-derived growth factor (PDGF) plays a more important role in the development of AGA. 15 In transplanted human 16 and rat 17 kidneys with chronic allograft rejection, FGF-1 mRNA and protein also are induced and are found both in the tubulointerstitial compartment 18 and in blood vessels, particularly in areas of inflammation and intimal accumulation. 2 FGFR-1, a transmembrane receptor tyrosine kinase, is expressed as multiple isoforms that are produced through variations in RNA splicing. 19, 20 FGF-1 (acidic FGF) and FGF-2 (basic FGF) both interact with FGFR-1. 19 The FGFs stimulate proliferation and migration of endothelial cells, fibroblasts, and, to a lesser extent, vascular SMCs. [21] [22] [23] The proliferative actions of FGF-1 and FGF-2 are mediated, at least in part, through activation of the extracellular signal regulated kinase (ERK) 1/2 mitogen-activated protein kinase pathway 21 and require a prolonged stimulus, whereas cell migration occurs in response to a brief stimulus with FGFs and involves activation of Src. 22 A soluble form of the FGFR-1, lacking transmembrane and cytoplasmic domains, has been found in vivo and has been postulated to regulate the availability of FGF to cell-surface receptors. 24 Soluble FGFR-1 ectodomain can bind FGF-1 and FGF-2 with high affinity, [25] [26] [27] and its overexpression has been used in the exploration of the role of FGFs in embryonic development. 28, 29 Expression of soluble FGFR-1, after delivery of the cDNA construct into cells by adenoviral gene transfer, profoundly inhibits vascular SMC growth in vitro. 30 The current study explored the question whether a causal role for FGFs could be established in the process of AGA in vivo. A soluble FGFR-1 ectodomain cDNA was delivered into rat aortae just before transplantation. Expression of the soluble FGFR-1 (sFGFR-1) protein was observed in the vessels, and there was significant inhibition of AGA as late as 3 months after transplantation.
Methods

Summary
(For detailed methodology, please see http://atvb.ahajournals.org.) In brief, a cDNA construct encoding the extracellular domain of FGFR-1 (sFGFR-1), without transmembrane or cytoplasmic kinase domain, was created and expressed stably in cultured rat aortic endothelial cells (RAECs) and human embryonic kidney 293 (HEK 293) cells. Epitope-tagged sFGFR-1 construct was then incorporated into a "gutless" adenoviral vector (deleted in proteins E1, E2a, and E3) by homologous recombination. This viral construct is referred to as Av-flag-sFGFR-1. The Av-flag-sFGFR-1 was expressed in cultured cells and in rat aorta by adenoviral gene transfer. Supernatants of cultured cells were evaluated for secreted sFGFR-1 by Western blot analysis, by [ 125 I]FGF-2 affinity cross-linking, and for their ability to inhibit the biological activity of FGF-2. Gene transfer into aorta was evaluated using Av-LacZ. Expression of sFGFR-1 mRNA and protein in rat aorta was evaluated by RT-PCR and by immunohistochemistry for the epitope tag, respectively.
The effect of sFGFR-1 on AGA was evaluated in the rat aortic transplant model using the inbred rat strains DA and PVG as donors and recipients, respectively. Gene transfer of Av-flag-sFGFR-1, Av-Null, and buffer was performed by infusion of virus into donor aorta and incubation for 20 minutes immediately before transplantation. The allografts were harvested at 5, 30, 60, and 90 days after transplantation. Immunohistochemistry for smooth muscle actin (a-SM actin), rat macrophage (ED-1), and FGF-2 were performed at each time point. Morphometric analysis was used to quantitate neointima accumulation at 30, 60, and 90 days.
Statistical Analysis
To determine a treatment (group) Ϯtime effect on neointima formation, repeated-measures ANOVA was performed. ANOVA included morphometric data for all rat aortas harvested at 30, 60, and 90 days after transplantation.
Results
FGF-2 Expression in Rat Aortic Allografts
Immunohistochemical analysis with the rat macrophage specific ED-1 antibody and with anti-FGF-2 antibody was performed on rat aortic interposition grafts (Figure I, avail-able online at http://atvb.ahajournals.org). In rat aortic isografts (DA to DA transplant) 5 days after transplantation, FGF-2 protein expression was below the level of detection ( Figure IA ). In the isografts, ED-1-reactive macrophages were present in adventitia but not in the intima ( Figure IB) . In rat aortic allografts 5 days after transplantation, FGF-2 and ED-1 immunoreactivity were observed both in the adventitia and in the intima ( Figure IC and ID). Moderate to severe macrophage infiltration, most abundant in the aortic adventitia, continued in the aortic allografts at 30, 60 ( Figure IF) , and 90 days after transplantation. FGF-2 expression was consistently observed in the adventitia up to 60 days after transplantation ( Figure IE ), but expression waned by 90 days after transplantation (data not shown). Significant neointima formation was observed in aortic allografts 60 days after transplantation ( Figure I ).
In Vitro Expression and Function of sFGFR-1
In RAEC lines stably transfected with sFGFR-1 cDNA, high-level sFGFR-1 mRNA expression was observed by Northern blot analysis (data not shown). An Ϸ70 kDa protein complex labeled with [ 125 I]FGF-2 was observed after affinity crosslinking in supernatants of RAECs stably transfected with sFGFR-1 cDNA but not in the supernatant of RAECs stably transfected with empty vector ( Figure 1A) . The supernatant of RAECs stably transfected with the sFGFR-1 cDNA inhibited FGF-2-stimulated 3T3 fibroblast proliferation, an effect not observed with supernatant of RAECs transfected with vector alone ( Figure 1B) . The 3T3 fibroblasts continued to proliferate in response to 10% FBS and 10 ng/mL PDGF in the presence of supernatant from RAECs stably transfected with the sFGFR-1 cDNA (not shown).
The N-terminal endogenous signal peptide of sFGFR-1 was replaced, in frame, with preprotrypsinogen signal peptide/flag epitope tag. The Av adenoviral vector was generated with this construct. Expression of the recombinant flag-sFGFR-1 from the Av vector was observed by Western blot analysis using anti-flag antibody in cell lysates and supernatants of HEK 293 cells and RAECs ( Figure 1C ). The protein produced from RAECs migrated with a slightly higher molecular mass than sFGFR-1 expressed in HEK 293 cells, presumably because of differences in glycosylation. The flag-sFGFR-1 produced from RAEC-bound [ 125 I]FGF-2 (data not shown), similar to findings with the native sFGFR-1 ectodomain, and supernatants from HEK 293 cells ( Figure  1D ) and RAECs transfected in vitro with Av-flag-sFGFR-1 reduced FGF-2 (0.5 ng/mL)-stimulated ERK 1/2 tyrosine phosphorylation in 3T3 fibroblasts. These in vitro studies show that sFGFR-1 is secreted from cells expressing the sFGFR-1 cDNA, can bind FGF-2, and can inhibit FGF-2stimulated cell proliferation and signaling.
Expression of LacZ and Flag-sFGFR-1 in Rat Aorta in Vivo
Pilot experiments showed that endothelial and adventitial gene transfer was achieved with 10 9 plaque-forming units (PFUs) of Av1-LacZ (Figure 2A ). For experiments with Av-flag-sFGFR-1, aortas were therefore transduced with 3 to 5ϫ10 9 PFU/aortic segment. Expression of sFGFR-1 mRNA in rat aortic allografts was evaluated 5 days after transplantation by RT-PCR, using nested primers specific for the flag-sFGFR-1 construct. Figure 2B shows expression of sFGFR-1 mRNA in each of 4 aortic allografts transduced with Av-flag-sFGFR-1. No expression was seen in shamtransduced or Av-Null-transduced aorta. Evaluation of aortic allografts on 5 days after transplantation, using a monoclonal antibody directed against the flag epitope tag, showed sFGFR-1 protein expression in the endothelium ( Figure 2CI ) and in the adventitia ( Figure 2CII ) of the aorta; no expression was observed in aortas transduced with Av-Null virus ( Figure  2CIV ). Flag-sFGFR-1 detected in vivo appears largely nucleus-associated, although brown reaction product is also seen surrounding the cells ( Figure 2CII , inset). HEK 293 cells transduced in vitro and shown to secrete sFGFR-1 ( Figure  1C ) similarly show significant nuclear flag-sFGFR-1 immunoreactivity ( Figure 2CIII ). Adventitial gene transfer likely reflects virus spillage during excision and storage of the transduced aorta before implantation into the recipient. Expression of flag-sFGFR-1 protein could not be demonstrated 30 days after transplantation.
Effect of Av Flag-sFGFR-1 Infection on Neointima Formation After Aortic Transplantation
Aortas transduced with Av-flag-sFGFR-1, Av-Null, or sham were harvested 30, 60, or 90 to 100 days after transplantation for evaluation of neointima formation (Figure 3) . In all transplanted aortas, most medial SMCs and medial ␣-SM actin immunoreactivity were lost by day 30 after transplantation ( Figure II , available online at http:// atvb.ahajournals.org). Consistent with medial SMC loss, the aortic media area decreased significantly as a function of time after transplantation (Pϭ0.011; ANOVA) ( Figure  3B ), but the decrement in media area did not differ between treatment groups. A dense band of ␣-SM actinimmunoreactive cells was observed on the abluminal side of the media in all allografts at day 30. Adventitial ␣-SM actin-immunoreactive cells were also observed on days 60 and 90 but to a lesser degree than at day 30 ( Figure 3A) . A neointima consisting of inflammatory cells Ϯ␣-SM actin-immunoreactive cells was observed in some allografts as early as day 30 (Figures II and 3A) . A sizable neointima consisting predominantly of ␣-SM actin- (lanes 1 and 3) or absence (lanes 2 and 4) of excess (28 nM) unlabeled FGF-2. B, Effect of RAEC supernatants on FGF-2-stimulated fibroblast proliferation. 3T3 cells were treated with increasing concentrations of FGF-2 in the presence of medium alone, 1 in the presence of supernatant from RAECs stably transfected with empty vector, 2 and in the presence of supernatants from RAECs transfected with sFGFR-1. 3 The sFGFR-1 containing supernatant completely abolished 3T3 fibroblast proliferation in response to FGF-2. C, Western blot of HEK 293 lysates (lanes 1 through 6) and supernatant (lane 7) and of RAEC lysates (lanes 10 through 13) and supernatants (lanes 8 and 9) with anti-flag monoclonal antibody. Lanes 1 through 6, HEK 293 lysates from cells transduced with Av-Flag-sFGFR-1 at multiplicities of infection (MOIs) of 0, 50, 100, 200, 500, and 1000, respectively; lane 7, concentrated conditioned medium from HEK 293 cells transduced with Av-Flag-sFGFR-1 at MOI of 500; lanes 8 and 9, concentrated conditioned medium from RAECs transduced with Av-Flag-sFGFR-1 at MOIs of 20 000 and 10 000; lanes 10 through 13, lysates from RAECs transduced with Av-Flag-sFGFR-1 at MOIs of 0, 5, 1000, 10 000, and 20 000, respectively. D, Inhibition of ERK 1/2 phosphorylation by sFGFR-1 containing supernatants. Quiescent 3T3 fibroblasts were exposed for 5 minutes to concentrated supernatants from HEK 293 cells transduced with Av-Null (MOI 500, lanes 1 and 3) or Av-sFGFR-1 (MOI 500, lanes 2 and 4) in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of FGF-2 (5 ng/mL). Cell lysates were probed with anti-phospho ERK 1/2 (top) and anti-ERK 1/2 antibodies. Compared with control, basal ERK 1/2 phosphorylation was greater in cells exposed to sFGFR-1, and FGF-2 stimulated ERK 1/2 phosphorylation was blunted (representative of 3 separate experiments).
positive cells was observed at days 60 and 90 in every sham-transduced and Av-Null-transduced allograft (Figures II and 3A) . In contrast, in 2 of 6 and 3 of 4 allografts transduced with Av-sFGFR-1 and evaluated on days 60 and 90, respectively, no ␣-SM actin-reactive neointima was observed ( Figure 3A , 60F and 90F), and only small areas of intimal inflammatory cells were seen ( Figure II,  cED1 ). Calculation of neointima to media area ratios showed that on average, the neointima formation was blunted significantly in allografts transduced with Av-flag sFGFR-1 when compared with Av-Null-transduced allografts (Pϭ0.0133; ANOVA). No differences in neointima area were observed in Av-Null-transduced and shamtransduced aortic allografts. No significant difference in media area was found between the groups (Figure 3B ).
Discussion
The current study was undertaken to determine whether local inhibition of FGF action suppresses the development of neointima in rat aortic transplants in vivo. Using adenovirus fully deleted in E1, E2a, and E3, effective gene transfer into aortic segments was achieved before transplantation, and expression of soluble FGFR-1 ectodomain was observed for at least the first 5 days after transplantation. Significant inhibition of neointima formation was observed in aortic allografts transduced with Av-flag-FGFR-1 compared with allografts transduced with Av-Null or sham. Taken together with the findings in vitro that the protein produced from the sFGFR-1 construct binds FGF-2 with high affinity and inhibits FGF-2-stimulated prolifer- Figure 2 . Expression of sFGFR-1 mRNA in rat aortic transplants A, Efficiency of Av1-LacZ gene transfer into rat aorta: Av1-LacZ was instilled into the aorta at 5ϫ10 7 PFU (I), 5ϫ10 8 PFU (II), and 10 9 PFU (III and IV). Aortas were harvested 48 hours after transduction followed by visualization of LacZ. IV represents a magnification of the area enclosed in the box in III representative of 2 separate experiments. B, Nested RT-PCR: for all samples, except the pCMV1-flag-sFGFR-1 vector template, RNA was purified and reverse transcribed (Ϯreverse transcriptase). The nested 5Ј PCR primers recognize sequence for the preprotrypsinogen signal peptide and the flag epitope tag, respectively; the 3Ј primers detect the native sFGFR-1 sequence. A PCR product of 850 bp was amplified from the control vector (pCMV1-flag-sFGFR-1). A product of the same size was amplified from 4 different rat aortic specimens 5 days after transduction with Av-flag sFGFR-1 but not from aortic transplants transduced with Av-Null or from native rat aorta. No product was obtained from RNA template when reverse transcriptase was omitted from the cDNA synthesis step. An appropriate-sized product was also amplified from HEK 293 cells transduced with Av-flag sFGFR-1 but not from HEK 293 cells transduced with Av-LacZ or from untransduced cells. C, Immunohistochemistry was performed using a mouse monoclonal anti-flag antibody. CI and CII, Aortic allografts transduced with Av-sFGFR-1 5 days after transplantation. Endothelial cells and adventitial cells show flag immunoreactivity in the aortas transduced with Av-flag-sFGFR-1. Reaction product was concentrated in cells. CIII, In Av-sFGFR-1-transduced HEK 293 cells that secrete sFGFR-1, flag immunoreactivity was similarly cell-associated. CIV, No immunoreactivity in the aorta transduced with Av-Null. ation of fibroblasts, we conclude that FGFs play a causal role in the development of neointima in this rat aortic transplant model of accelerated graft arteriosclerosis. These findings, in conjunction with data previously published by others showing FGF-1 expression in blood vessels undergoing accelerated graft arteriosclerosis, 12,14,16 -18 raise the possibility that effective interruption of FGF function could also be useful in reducing neointima formation in transplanted human organs.
The model used here was one of rat aortic transplantation, with DA and PVG strains serving as donors and recipients, respectively. With limited immunosuppression consisting of cyclosporine treatment for the first 5 days after transplantation, a neointima developed before 60 days in every aortic allograft not transduced with Av-flag-sFGFR-1. In DA to DA isografts, neointima formation was not observed (data not shown). Hence, immune-mediated injury was necessary for the development of neointima in this model, and the neointima developed predictably within 60 days after transplantation.
Between 5 and 30 days after transplantation, there was a loss of medial SMCs in all aortic transplants, including those with Av-flag-sFGFR-1 gene transfer, with the development of an adventitial ring of ␣-SM actinimmunoreactive cells. CD8 ϩ T lymphocyte-mediated apoptosis, and consequent loss of medial SMCs, has previously been observed in a similar rat aortic allograft model of accelerated graft arteriosclerosis. 31 In that study, preservation of medial SMCs in rats depleted of CD8 T lymphocytes with the Ox8 monoclonal antibody did not reduce neointima formation. In our study, occasional areas of medial SMC preservation were found ( Figure 3A, 60F ; Figure II , cVSM). These were no more frequent in transplants transduced with Av-flag-sFGFR-1 compared with those transduced with Av-Null or sham with saline. Consistent with that observation, the reduction in media size as a function of time after transplantation, presumably because of medial SMC loss, did not differ between the groups ( Figure 3B ). Aortas in which medial SMCs were absent were still protected from the development of neointima when transduced with Av-flag-sFGFR-1 ( Figure  3A, 90F) . Therefore, reduced neointima in rat aortic allografts transduced with Av-flag-sFGFR-1 is not explained by preservation of medial SMCs. We observed accumulation of adventitial and intimal macrophages in the aortic grafts ( Figure I) as early as 5 days after transplantation. Significant macrophage infiltration in the adventitia persisted through 90 days after transplantation. That T-lymphocyte and macrophage infiltration play a role in the immune response to cardiac transplantation in humans and in carotid artery allografts rodents is well accepted. 32-34 FGF-2 expression was observed in the intima and adventitia of aortic allografts as early as day 5 and persisted in the adventitia at day 60 after transplantation ( Figure I) . FGF-2 expression was not observed in DA to DA isografts, nor did a neointima form in isografts.
We chose the soluble, kinase-deficient FGFR-1 to interrupt FGF action for a several reasons. This receptor is capable of binding FGF-1 and FGF-2 with high affinity 26 and was previously reported to inhibit FGF actions in vitro and in vivo. 26, 28, 30, 35 We found that the sFGFR-1 protein was expressed and secreted in vitro ( Figure 1A and 1C ), competitively inhibited [ 125 I]FGF-2 binding to fibroblasts (data not shown), and inhibited FGF-2 function in fibroblasts in vitro ( Figure 1B and 1D) .
Local gene transfer of sFGFR-1 was done immediately before harvesting of the donor aorta. Expression of sFGFR-1 mRNA and protein, the latter in the endothelium and adventitia of the transplanted aorta, was observed on day 5 after transplantation (Figure 2) . The sFGFR-1 protein was not observed in aortas harvested at day 30. Hence, expression was either limited to the early period after transplant or below the level of detection at the later time points. Whether endothelial or adventitial sFGFR-1 resulted in inhibition of neointima accumulation cannot be resolved by this study.
Neointima formation was significantly reduced in vessels pretreated with Av-flag-sFGFR-1 gene transfer compared with that observed in sham-transduced aortas and in aortas transduced with Av-Null, with clear separation of the sFGFR-1 group from the two control groups by day 90 ( Figure 3B ). It might be argued that the dissociation in time of sFGFR-1 expression early from the apparent late inhibitory effect on neointima accumulation rules out a therapeutic effect of sFGFR-1, particularly because FGF-2 expression continues to be observed. However, a strong early inhibitory effect on neointimal cell accumulation could well produce large differences in the size of the neointima late, even if the inhibitory effect of sFGFR-1 waned. Exponential increments in cell number after only a short period of differential cell growth in one group would strongly magnify early differences with time. Because expression of sFGFR-1 was observed only during the period immediately after transplant, we speculate that an initial step in the process of neointima formation was inhibited by sFGFR-1, possibly the migration of adventitial myofibroblasts into the intimal location. It is also possible that interruption of FGF function was longer lived than detection of the flag-sFGR-1 protein and that the mechanism is related to inhibition of intimal SMC with or without myofibroblast proliferation. Although we have not identified the precise mechanism of action, the data show that sFGFR-1, expressed locally in transplanted rat aorta, can significantly inhibit neointima formation in this model of AGA.
Taken together with previous work showing expression of FGFs in vessels of transplanted hearts and kidneys, 12, 16, 17 and a correlation between the level of FGF-1 expression and the development of AGA in human heart transplants, 14 our work supports the view that FGFs participate causally in the development of AGA. If these findings also hold in human studies, inhibition of FGF action either by use of soluble receptor ectodomain or by inhibition with specific receptor antagonists could potentially serve to prevent or ameliorate AGA in human solid organ transplantation.
